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abstract 

The  transmission  infrared  and  the  laser  e>£cited  Raman 
spectra  of  polycrystalline  RDX  have  been  measured  in  the 
range  of  40  to  4000  cm"^.  To  aid  assignments  in  the  spectral 
region  of  400  to  4000  cm"^,  the  spectra  of  two  types  of  - 
labeled  samples  and  the  solution  spectra  in  different  solvents 
were  also  recorded.  From  these  data  it  was  possible  to 
assign  many  of  the  observed  bands  to  intramolecular  modes  of 
the  RDX  molecule.  The  Raman  active  lattice  modes  also  were  i 

resolved  and  found  to  be  comparable  to  the  lattice  mode  fre-  I 

quencies  in  solid  cyclohexane.  | 


INTRODUCTION 


The  nitramines  form  an  interestirg  group  of  organic  compounds, 
which  have  provided  structural  chemists  with  a  wide  variety  of 
problems.  This  report  deals  with  RDX  (1, 3,5 -trinitro-l,  3,  5- 
triazacyclohexane),  a  monocyclic  member  of  the  above  group, 
consisting  of  three  nitramine  units.  The  molecule  has  21  atoms: 
it  was  thought  that  it  would  show  sufficient  symmetry  to  adlow 
an  analysis  of  its  vibrational  spectrum.  Such  an  analysis  would 
permit  qualitative  conclusions  regarding  molecular  bond  orders 
and  conformations  in  different  environments.  Previous  studies 
include  a  detailed  structural  analysis  of  the  compound  by  X-ray 
diffraction  (itef  1 1  as  ell  by  neutron  scattering  (Ref  2),  and  a 
partial  analysis  of  the  mid -infrared  part  of  the  spectrum  (Ref  3,4). 
While  the  present  work  has  been  in  progress,  another  study  of  the 
infrared  and  Raman  spectra  of  liDX  has  been  published  by  Rey-Lafon 
(Ref  5)  et  a]..  Their  data  are  in  general  agreement  with  ours:  the 
purpose  of  the  concise  account  presented  here  is  only  to  stress  the 

more  unusual  aspects  of  the  RDX  structure.  The  objective  of  this 
work  has  been  to  measure  the  infrared  and  Raman  active  vibrations 
in  as  wide  a  spectral  range  as  feasible,  and  assign  the  modes  by 
analogy  with  previous  studies  on  similar  but  simpler  molecales, 
and  from  isotopic  and  solution  data.  The  results  obtained  may, 
therefore,  form  a  starting  point  for  a  normal  coordinate  analysis 
of  the  molecular  spectrum  of  RDX  and  the  vibrational  analysis  of 
the  related  eight -membered  ring  HMX  molecule  (1,3, 5,7- 
tetranitro- 1 ,3,5,7  -tetrazacyclooctane). 

SYMMETRY  CONSIDERATIONS  AND  STRUCTURE 

RDX  has  a  structure  similar  to  the  boat  and  chair  forms  of 
cyclohexane,  and  as  in  the  latter  the  chair  form  should  be  of  lower 
energy.  It  is,  therefore,  expected  that  RDX  will  exist  predom¬ 
inantly  in  the  chair  form.  The  structure  as  determined  by  X-ray 
diffraction  (Ref  1)  and  confirmed  by  neutron  scattering  (Ref  2)  of 
crystalline  RDX  is  shown  in  Fig  1.  This  does  represent  a  chair 
form  but,  surprisingly,  with  an  unfavorable  orientation  of  two 
nitramine  groups  in  the  axial  positions. 
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Jh  solution,  the  symmetry  of  the  molecule  is,  due  to  ring 
inversion,  that  of  a  S3rmmetric  top  belonging  to  point  symmetry 
C3V  •  ^  N  ^  atoms  of  the  nitramine  group  in  position  1 
(see  Fig  1 )  are  in  the  same  plane  as  the  hydrogen  atoms  of  the  C 
atom  in  position  4,  then  the  57  normal  mode  vibrations  of  the 
molecule  are  distributed  among  the  following  symmetry  species: 

=  13  Aj  +  6  A2  +  19  E 

However,  if  the  O  atoms  of  the  N-NO^  group  in  position  1  are  not 
in  that  plane,  the  vibrations  are  distributed  as: 

r  ^  =  12  A^  +  7  A2  +  19  E 

The  vibrations  of  A^  and  E  symmetry  are  active  in  both  the 
infrared  and  Raman  spectra,  while  vibrations  of  A^  symmetry 
are  silent  in  both.  Thus,  in  structure  I  (symmetry  species  r  ^), 

32  modes,  in  structure  H  (symmetry  species  ),  31  modes  are 
active.  The  comparatively  short  N-N  bond  length  of  the  equatorial 
N-NO2  group  observed  in  the  crystal  (Ref  1)  would  favor  structure  n 
in  the  solid  phase.  This  may  also  be  true  for  the  isolated  molecule. 

In  the  condensed  phase  RDX  loses  its  threefold  symmetry. 

A  staggered  chair  conformation  as  shown  in  Fig  I ,  in  which  2  axial 
and  1  equatorial  -NO2  groups  are  found,  is  suggested  by  the  X-ray 
diffraction  data  (Ref  1).  The  molecules  are  at  sites  of  symmetry 
C2  in  the  space  group  D^^-Pbca  with  eight  formula  units  in  the 

primitive  cell.  According  to  the  site  group  approximation,  the  A2 
t3rpe  molecular  vibrations  will,  therefoi’e,  have  both  infrared  ana 
Raman  active  components  in  the  solid  state  spectra.  The  external 
or  lattice  mode  optic  translatory  (T)  and  libratory  (R)  components 
for  the  factor  group  ,  will  be  distributed  as: 

r  =  (3T  +  3R)  Ajg  +  (3T  +  3R)  +  (3T  +  3R)  B2g  + 

(3T  +  3R)  Bjg  +  (3T  +  3R)  Aj^  +  (2T  +  3R)  B^^  + 

(2T  +  3R)  +  i2T  +  3R) 
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EXPERIMENTAL 

The  infrared  spectra  in  the  region  400  to  4000  cm”^  were 
recorded  in  a  Perkin-Mmer  621  grating  spectrometer  using  KBr 
disc  samples  and  solutiois.  Single  crystal  measurements  were 
performed  using  the  spectrometer  with  6x  beam  condensing 
arrangement.  The  infrared  spectra  of  the  region  70  to  400  cm'^ 
were  measured  in  a  Beckman  IR-11  spectrometer,  using  a  thin 
film  of  the  sample  in  Nujol  oil  on  a  polyethylene  substrate. 

The  Raman  spectra  were  recorded  using  both  He-Ne 
(6328A,  50  mW)  and  Ar  ion  (4830  A,  300  nW)  focussed  radiation. 
The  90°  scattered  radiation  was  analyzed  by  a  Spex  1400  double 
monochromator  coupled  with  a  photon  counting  detection  system. 
The  powder  and  solution  spectra  were  measured  in  glass 
capillaries. 

The  RDX  samples  used  were  purified  by  multiple  recrystalli¬ 
zation.  Single  crystals  were  grown  from  acetone  soluticxis  of  the 
compound.  The  ring  -labeled  RDX  samples  were  prepared  by 
the  nitration  of  -labeled  hexamine,  while  the  nitro-group 
labeled  RDX  samples  were  prepared  by  nitrating  hexamine  with 

-labeled  nitric  acid.  The  isotopic  enrichment  in  all  samples 
was  about  99%. 


RESULTS 

i 

The  infi  ared  and  Raman  spectra  of  RDX  as  single  cry^al, 
powder,  and  solution  samples,  have  been  measured  in  the  fre¬ 
quency  range  400  to  4000  cm~l.  The  tracings  of  the  spectra 
are  shown  in  Figpres  2  and  3.  The  solution  Raman  spectra  were 
recorded  using  saturated  solutions  of  RDX  in  deuterated  dimethyl - 
sulphoxide  (d^  -DMSO),  while  the  solution  infrared  spectra  in  the 
frequency  ranges  1200  to  3200  cm"^  and  600  to  1200  cm"^,  were 
recorded  using  as  solvents  d^-DMSO  and  acetonitrile,  respectively. 
The  powder  infrared  spectra  of  ring  and  nitro  group  labeled 
RDX  samples,  in  the  spectral  range  400  to  1800  cm“^,  also 
were  measured;  the  tracings  are  shown  in  Fig  4  togetrher  with  the 
spectrum  for  unlabeled  RDX.  The  low. frequency  40  to  400  cm"^ 
region  of  the  spectrum  was  recorded  only  for  solid  samples  of 
RDX  and  is  shown  in  Fig  5.  , The  infrared  spectrum  ofl,3,5- 
trinitroso-i,  3, 5-triazacyclohexane  (TMTC),  the  trmitroso  analog 
of  RDX  also  was  measured;  its  spectrum  in  the  low  frequency 
region  is  siiown  in  Fig  5b. 

The  frequencies  of  the  solid  and  solution  bands  of  RDX 
together  with  the  assignments  are  listed  in  Table  1.  Since  a 
wider  frequency  range  has  been  measured  with  powder  samples, 
the  frequencies  quoted  in  Table  1  have  been  taken  from  the  powder 
spectra.  The  combination  and  overtone  frequencies  in  the  spectral 
region  1700  to  3000  cm*^  were  observed  in  the  transmission 
infrared  spectrum  of  a  thick  single  crystal.  These  frequencies 
have  been  compiled  in  Table  2. 


DISCUSSION 


Fundamental  Molecular  Vibrations 

^2  Modes 

The  bands  in  the  2900  to  3100  cm"^  region  can  be  assigned 
to  CH2  stretching  modes.  An  assignment  in  terms  of  symmetric 
and  asymmetric  motions  is  based  on  the  fact  that  the  symmetric 
mode  gives  rise  to  strong  bands  in  the  Reiman,  and  weaker  peedcs 
in  the  infrared  spectrum.  A  number  of  interesting  features  can 
be  noted  on  comparing  the  solution  with  the  solid  infrared  and 
Raman  spectra.  The  higher  frequency  asymmetric  stretching 
mode  in  the  solid  shows  a  site  group  splitting  of  about  10  cm"l 
(Fig  2d).  This  is  in  agreement  with  the  presence  of  two  types  of 
sites  in  the  staggered  chair  conformation  of  the  molecule  in  the 
crystal.  Two  peaks  separated  b>  50  cm“^  are  observed  in  the 
solid  state  spectra  in  the  region  of  the  symmetric  stretching  mode. 
Since  the  second  peak  disappears  in  the  spectra  of  RDX  in  d^  -DMSO 
solution,  one  can  associate  this  band  with  the  lowered  symmetry 
of  the  molecule  at  the  crystal  site,  which  leads  to  the  infrared  and 
Raman  activity  of  this  mode.  Ih  d^-DMSO  solution,  however,  both 
the  symmetric  and  asymmetric  stretching  peaks  broaden  out, 
indicating  the  presence  of  possible  solvent -solute  interaction  in 
that  solution. 

A  point  worth  iioting  is  that  the  mode  frequency  for  the  CH2 
asymmetric  stretching  motion  in  RDX  is  about  100  cm"^  higher 
than  in  cyclohexane.  This  anomalous  value  seems  to  indicate 
considerable  strain  on  the  RDX  ring  in  the  crystalline  state.  This 
aspect  of  RDX  structure  is  the  subject  of  a  more  detailed  study 
involving  a  group  of  cyclic  nitr amines,  which  will  be  published 
shortly. 

The  assignment  of  the  band*,  be+wcen  1390  and  '460  cm‘^ 
to  CH2  skeletal  motions  is  based  on  the  data  of  Wood  (Ref  3)  on 
deuterated  RDX. 
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NO^  Modes 

The  symmetric  and  asymmetric  stretching  modet>  o^.  the 
NO2  group  can  be  assigned  in  the  same  manner  as  '.ne  'jorres- 
ponding  motions  in  the  CH2  group.  These  bands  would  also  show 
the  largest  shift  when  the  nitrogen  atom  on  the  NO^  group  is 
3-  .eled  with  The  peaks  between  1540  to  1600  cm"^  can  be 

clearly  identified  as  the  asymmetric  NO2  stretching  mode  com¬ 
ponents.  The  extremely  strong  peak  at  approxim.ately  1596  cm"l 
shows  a  splitting  of  between  10  and  15  cm"^,  which  can  be 
attributed  to  the  two  t3rpes  of  NO2  groups  in  the  staggered  chair 
conformation  of  the  molecule  in  the  crystal. 

The  symmetric  -stretching  NO2  and  the  N  -N  vibrations  can 
have  mode  frequencies  close  to  one  another  (Ref  6).  Since  the 
peak  at  1268  cm"^  is  very  strong  in  the  solution  Raman  spectrum, 
one  can  probably  assign  this  band  to  the  NO2  type  stretching.  The 
peak  at  1310  cm"^  can,  therefore,  be  associated  with  the  symmetric 

stretching  N-N  mode.  Both  these  modes  show  a  site  group  splitting 
of  approximately  10  cm"^  in  the  infrared  absorption  measurements 
on  a  solid  sample. 

Two  bands  in  the  750  cm'^  region  of  the  spectrum  show  a 
large  shift  for  nitro  group  labeled  RDX  (see  Pig  4)  and  can  therefore 
be  assigned  to  a  NO^  vibration,  possibly  the  NO2  deformation  motion. 
The  skeletal  NO2  modes  lie  in  the  low  frequency  region  of  the 
spectrum  and  are  probably  mixed  to  a  large  degree  with  torsional 
and  bending  ring  vibrations.  Hence,  assignments  on  the  basis  of 
frequency  shifts  of  the  nitro  group  labeled  RDX  samples  would  be 
difficult.  However,  by  comparison  with  the  spectrum  of  TNTC 
one  can  assign  the  bands  between  450  to  610  cm"^,  which  do  not 
occur  in  the  spectrum  of  the  trinitroso  analog  (see  Fig  5b),  to 
NO2  skeletal  motions.  The  broad  bands  between  128  and  150  cm'^ 
are  somewhat  too  high  in  energy  to  be  associated  with  lattice 
vibrations  (see  the  subsection  on  lattice  modes)  and  hence  can  be 
tentatively  identified  as  due  to  the  N-NO2  torsional  mode. 
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Ring  Vibrations 

The  strongest  band  in  the  Raman  spectrum  of  solid  RDX 
occurs  at  832  cm"^.  This  peak  can  be  assigned  to  the  symmetric 
ring  stretching  mode  since  such  a  motion  is  likely  to  generate  a 
large  polarizibility  change.  By  analogy  with  the  work  on  cyclohexane 
(Ref  5),  the  bands  around  200  cm“^  can  be  assigned  to  a  ring 
bending  and  torsional  motion,  while  the  peak  at  410  cm  which 
corresponds  closely  to  the  strongest  band  in  the  neutrc»  inelastic 
scattering  (NIS)  spectrum  of  the  salt,  can  be  assigned  to  an 
essentially  ring  bending  vibration. 

Two  sets  of  frequencies  at  1020  and  1220  cm~^  have  been 
assigned  to  ring  type  vibrations  on  the  basis  of  the  observed  shifts 
for  the  ring  labeled  RDX  sample. 

Lattice  Modes 


Five  peaks  have  been  resolved  in  the  solid  state  Raman 
spectrum  between  50  and  110  cm"^,  which  can  be  assigned  to  tlie 
external  optic  or  lattice  modes.  These  peaks  correspond  to  the 
broad  density  of  states  centered  at  55  cm"^  (Ref  8). 

Combination  and  Overtone  Modes 

The  bands  between  1700  and  3000  cm*^,  observed  in  the 
infrared  spectrum  of  a  thick  single  crystal  of  RDX,  can  be 
assigned  to  combination  and  overtone  modes.  The  spectrum 
(see  Fig  2b)  is  divided  into  four  regions,  as  shown  in  the  figure. 
Possible  overtone  and  summation  modes  can  be  suggested  for 
these  bands  in  terms  of  the  strongest  infrared  and  Raman  peaks. 
These  are  shown  in  Table  2. 

CONCLUSION 

Possible  assignments  of  the  rich  infrared  and  Raman  spectra 
of  RDX,  both  in  the  solid  and  in  d^-DMSO  and  acetonitrile  solutions, 
have  been  proposed.  Site  group  splittings,  observed  in  the  solid 
state  spectra  for  the  CH2  asymmetric  stretching  and  the  NO2  ind 
N  -N  stretching  modes,  support  the  proposed  staggered  chair 
conformation  of  the  molecule  in  the  crystal  with  two  distmctive 
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oreintations  of  the  nitramine  groups.  However>  solution  data 
suggest  a  more  symmetrical  HDX  conformation  than  in  the  crystal 
lattice  and  some  possible  solute -solvent  interaction.  A  complete 
normal  coordinate  analysis  of  RDX  molecule  is  being  carried  out 
in  collaboration  with  Dr.  George  Adams  of  the  Propellants  Division, 
Feltman  Research  Laboratory.  A  detailed  structural  study  of  HMX 
polymorphs  by  infrared  and  Raman  spectra  also  is  in  progress. 
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TABLE  1 

Frequencies  and  assignments  of  bands 
in  the  40  to  4000  cm"^  region  in  the  spectrum  of  RDX 
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TABI.E  1  {cont®d) 
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TABLE  2 

Combination  and  Overtme  bands  observed 
in  the  1700-3000  cm'^  region  in  the  transmission 
infrared  spectrum  of  a  thick  single  crystal  of  RDX 
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Fig  2  %  Transmission  (T)  vs  frequency  traces  of  the  infrared 
spectra  of  RDX  in  the  400  to  4000  cm"l  region:  (a)  Spectrum  of 
a  thin  single  crystal  (b)  Spectrum  of  a  thick  single  crystal  in  the 
1600  to  4000  cm‘l  region  (c)  Spectrum  of  RDX  in  d^-DMSO  in  the 
1200  to  4000  cm'^  region  and  RDX  in  acetonitrile  in  the  600  to 
1200  cm“l  region  (d)  Spectrum  of  KBr  pellet  of  RDX 
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Fig  5  Traces  of  the  low  frequency  infrared  and  Raman  spectra: 

(a)  Infrared  spectra  of  pure  RD'"  in  Nujol  mull,  between  200  and 
500  cm"^  (b)  Infrared  spectra  of  the  trinitroso  analog  of  RDX, 

TNTC,  in  Nujol  mull  between  200  to  500  cm"^  (c)  Raman  spectrum 
of  an  RDX  single  crystal  using  6328  A  excitation  between  30  and  400 
cm“^.  Slits  of  about  3  cm"^  were  used  between  30  and  200,  and  of 
about  6  cm'^  beiween  200  and  400  cm"^  (d)  Raman  spectrum  of 
powder  RDX  using  4830  A  radiation  between  30  and  200  cm-f .  Slits 
of  about  3  cm"^  were  used  . 


